The possibility to generate acoustic modes based on FPWs (Flexural Plate Waves) in a generic non-piezoelectric substrate for microfludic applications by means of piezoelectric actuators has been explored and described in this paper. The FPW acoustic modes are generated by means of actuators made of Lead Zirconate Titanate (PZT) layers with InterDigital Transducers (IDTs) screen-printed on alumina (Al2O3) substrate. The experimental results show that, by exciting the resonances of the actuators, circular vortex rotations are obtained in a fluid drop placed on the substrate between the IDTs. Micrometric particles dispersed in the drop allow to demonstrate that standing waves can be generated in the liquid obtaining particle accumulation along circular lines. These results suggest the possibility to employ the proposed actuators for fluid mixing and controlled positioning of dispersed particles.
Introduction
Controllable and accurate fluid and particle manipulation in microfluidic devices represents an important tool for many applications in biological, chemical and physical research. The forces generated by the interaction between acoustic waves and fluids can be used to actuate fluids and suspended particles, such as cells, at small scale with micrometric resolution. The ability of SAWs (Surface Acoustic Waves) to generate motion of liquid drops or vortex rotation of the fluid in a drop was demonstrated for fluid steering and mixing applications [1, 2] . Standing acoustic waves can be generated by a pair of opposite actuators obtaining pressure nodes in fluids. The possibility to operate controlled positioning of particles dispersed in liquid and accumulate them at the positions of pressure nodes was shown in [1] [2] [3] [4] .
In this paper, the possibility to generate acoustic waves based on FPWs (Flexural Plate Waves) [5] in a generic non-piezoelectric substrate to manipulate liquid and dispersed particles has been explored. The use of piezoelectric films fabricated by the screen-printing technique for the generation of the FPWs on non-piezoelectric substrate is proposed. The aim is that fluid and particle manipulations by acoustic waves can be advantageously obtained on generic non-piezoelectric substrates, including transparent substrates typically adopted for the fabrication of microfluidic devices.
Device Description
A device with two Lead Zirconate Titanate (PZT) piezoelectric actuators with IDT electrodes fabricated by the screen-printing technique for the generation of acoustic waves in alumina substrate is proposed, as shown in Figure 1 . The alumina substrate has a circular shape with 25-mm diameter and a thickness of 635 μm; the actuators are located diametrically opposed.
The actuators consist of the PdAg bottom electrode, the PZT layer, and the PdAg electrodes of the IDT printed on top. IDTs have both finger width and spacing of 350 μm. The thickness tP of the PZT layer is about 100 μm. The PZT films were poled at 4 MV/m along the thickness using the IDT pair and the bottom electrode as the two armatures. During the excitation the bottom electrode is left floating and a sinusoidal voltage is applied between the two IDT fingers. Considering that the finger width and spacing are larger than the PZT layer thickness and the existence of the bottom conductive layer, the electric field in the PZT under the electrodes is predominantly oriented along the thickness. The applied excitation generates thus an alternate deformation of the PZT-layer thickness by exploiting mainly the d33 mode, thus acting as actuator for the generation of the acoustic waves in the substrate [1] . The adopted PZT thickness tP sets the thickness resonances of the actuators in the range of few megahertz [6] . Fluid samples can be placed on the alumina substrate between the actuators to undergo the actuation resulting from the combination of the acoustic wave-fronts. 
Experimental Results
The actuators have been experimentally characterized in order to extract the frequencies where the maximum actuation effectiveness is expected. Figure 2a shows the admittance measured between the IDT electrodes evidencing resonances at about f1 = 6.7 MHz, f2 = 8.2 MHz and f3 = 12 MHz. The expected wavelengths of the acoustic waves in the substrate at these frequencies can be calculated starting from the thickness tA = 635 μm, the Poisson ratio ν = 0.21 and the shear wave velocity vS = 5774 m/s for the adopted alumina substrate. Assuming that the generated acoustic waves have wavelengths much smaller than the substrate diameter, the Lamb waves theory for free isotropic elastic plates can be applied [7] . The propagation velocities and the wavelengths of the generated symmetric Sn and antisymmetric An modes can be derived from the tabulated Lamb dispersion curves for the specific value of ν, where the waves velocity of the different modes is reported as a function of the frequency-thickness product. The derived wavelengths of the lower modes λ(A0) and λ(S0), which correspond to the shorter wavelengths generated in the substrate at the actuator resonances f1, f2 and f3, are reported in Table 1 . The propagation of FPWs in the substrate is expected at these frequencies, corresponding to acoustic wavelengths comparable or larger than the substrate thickness tA. Figure 2b shows the schematic diagram of the tailored electronic interface developed to drive the piezoelectric actuators. The excitation signals are generated by a programmable DDS (Direct Digital Synthesizer) that allows to excite the IDTs with two independent channels for which both the common excitation frequency and the phase difference between the channels can be set. Preliminary tests have been conducted to verify the ability of the generated acoustic waves to manipulate fluid drops and particles. The device has been placed under the microscope and a water drop with dispersed light-reflective microspheres has been placed on the alumina substrate between the actuators to acquire by a cam the generated fluid and particle motion, as shown in Figure 3a . The comparison between Figure 3b and 3c shows that circular vortex rotations have been obtained in the drop by exciting a single actuator with a sinusoidal signal at frequency of 12 MHz. By exciting both the actuators at frequency of 8.2 MHz and phase difference of 0°, particle accumulation along circular lines caused by the standing waves generated in the drop has been obtained, as shown in Figure 3d .
Conclusions
The possibility to generate acoustic waves for fluid and particle manipulation in non-piezoelectric substrates using PZT film actuators fabricated by the screen-printing technique has been demonstrated. A device with two PZT actuators on alumina substrate has been realized. Experimental results show that both vortex rotation and accumulation on circular lines of micrometric particles dispersed in a water drop have been obtained by exciting the actuators at their resonant frequencies, demonstrating the actuation by means of acoustic waves. These results show the ability of the proposed PZT actuators to generate acoustic waves for fluid mixing and are promising for promoting and controlling the aggregation of particles dispersed in a liquid, such as cells, in microfluidic devices. 
